the phycocyanins is imparted by open-chain tetrapyrrole chromophores that are covalently attached to the apoproteins (O'hEocha, 1965 (O'hEocha, , 1966 . These chromophores are termed phycobilins. They have labile structures and are difficult to release from the apoproteins without alteration. This has greatly hindered the complete structural characterization of the pigments. We believe that the structures currently accepted for the major phycobilins, phycoerythrobilin and phycocyanobilin, apply to artefact derivatives of the native chromophores. Since the confusion of native and artefact forms has been extensive (Beuhler et al., 1976; Chapman et al., 1967 Chapman et al., , 1968 Cole et al., 1967; Crespi & Katz, 1969; Crespi et al., 1968; Glazer & Fang, 1973; Glazer & Hixson, 1975; Troxler et al., 1978) , we decided that it was appropriate to clarify this issue before proceeding to a consideration of the structures of the native chromophores [see the following paper (Killilea et al., 1980) by Chapman et al. (1968) . O'hEocha & O'Carra (1961) and suggested the occurrence of a third type of phycobilin with urobilinoid spectral properties in R-phycoerythrin, and evidence presented here strongly supports this. In addition, spectral evidence suggest that, as well as containing phycocyanobilin, cryptomonad phycocyanins have a further type of phycobilin with violinoid spectral properties . We propose that these further phycobilins be termed respectively phycourobilin and cryptoviolin.
Experimental
Biliprotein preparations R-phycoerythrin from the red alga Rhodymenia palmata, C-phycoerythrin from the red alga Phormidium persicinum, C-phycocyanin from the blue-green alga Nostoc punctiforme and R-phycocyanin from the red alga Ceramium rubrum were isolated and purified as by . Cryptomonad phycocyanin was isolated from Hemiselmis virescens as by O'hEocha et al. (1964) .
Bilin preparations
Methanol-released 'purple pigment' from Rphycoerythrin and 'blue pigment' from C-phycocyanin were prepared as by O'Carra & O'hEocha (1966) . Preparations of phycoerythrobilin and phycocyanobilin from R-phycoerythrin and Cphycocyanin, respectively, were obtained by incubating the biliproteins for successive periods of l5min at 180C in 11.5-12M-HCl O'hEocha, 1963) . Phycocyanobilin was similarly released from R-phycocyanin when most of the phycoerythrobilin had been first released from the protein by two successive incubations with HCl (O'Carra, 1962; Murphy, 1968) . T.l.c. on silica-gel G was used for analysis of the free diacid forms of the phycobilin preparations and for purification of individual bilin constituents (Murphy, 1968 (Murray, 1966) in a solution (1 ml) of BF3 in methanol (14%, v/v; Sigma, Poole, Dorset, U.K.) for 25min at 40C. Ice-cold water (4ml) was then added and the esterified pigment was extracted with three 2ml portions of chloroform.
Tryptic digestion ofbiliproteins
Previous studies have shown that, under some conditions used to release phycoerythrobilin from phycoerythrins, random artefact covalent linkage of the bilin to the polypeptide chains of the apoprotein can take place and the chromophore is also converted into a urobilinoid artefact derivative Riidiger & O'Carra, 1969) . Since the artefact attachment takes place by condensation of the vinyl-side-chain group of ring D of phycoerythrobilin with thiol groups on the polypeptide chains Riidiger & O'Carra, 1969) , blocking of the thiol groups by reduction and aminoethylation (Raftery & Cole, 1966) O'Carra et al. (1964) . The acid treatment, however, resulted in many side reactions producing artefacts, so that yields of the acidreleased pigment were low. O'Carra & O'hEocha (1966) showed that treatment of phycoerythrins with hot methanol slowly released a more stable derivative of the chromophore. This methanol-released pigment was shown to be identical with a bilin extracted from algae with hot methanol and previously considered by Fujita & Hattori (1962 , 1963 to be a biosynthetic precursor of phycoerythrobilin. The results of O'Carra & O'hEocha (1966) showed that the extracted pigment was a derivative rather than a precursor of phycoerythrobilin. O'Carra & O'hEocha (1966) considered the acid-released pigment to be much closer in properties to the native protein-bound pigment than the methanol-released 'purple pigment', which was regarded as a spectrally altered artefact. However, in much subsequent work by other authors this distinction has been disregarded.
Since the methanol-releasing procedure offers a more convenient method of obtaining protein-free pigment, much of the recent structural work (Frackowiak & Skowron, 1978; Gossauer & Weller, 1978; Fu et al., 1979) has concentrated on the methanol-released derivative (cf. e.g. Crespi et al., 1968) .
The spectral properties, summarized in Table 1 , clearly demonstrate a distinction between the acidreleased and methanol-released pigment preparations. The two preparations retain their spectral distinctiveness through a variety of derivatization procedures, e.g. formation of the hydrochloride and zinc complex (Table 1) , and also when converted into the dimethyl esters. The pigments as dimethyl esters travel with similar RF values when subjected to t.l.c. on silica-gel G in some solvent systems, and this may have helped to create the impression that they were identical. In other solvent systems, however [benzene/light petroleum (b.p. 100-1200C)/methanol (9:5:1, by vol.); carbon tetrachloride/acetic acid (1: 1, v/v) carbon tetrachloride/ ethyl acetate (1:1, v/v)], the two pigment preparations are readily separated.
In Table 1 and Fig. 1 the spectral properties of the released pigments are compared with those of denatured C-phycoerythrin. Protein-denaturing conditions were used to ensure unfolding of the polypeptide chains of the phycoerythrin, thus exposing the covalent bound chromophore to the same solvent conditions as for the protein-free-pigment Lavorel & Moniot, 1962; O'Carra & O'hEocha, 1965; Murphy & O'Carra, 1970) . That the denaturing conditions cause no covalent alteration of the bound chromophore is shown by the fact that C-phycoerythrin readily renatures when the denaturing conditions, low pH or 8 M urea, are removed. The spectral properties of the native protein then return in a rapid spontaneous process. It can be seen that the protein-bound chromophore is almost identical in spectral properties with the acid-released phycoerythrobilin preparations and differs considerably from the methanol-released pigment. Muckle & Riidiger (1977) also emphasized that the methanol-released pigment exhibits spectral properties, including absorption coefficients, different from those of protein-bound chromophore. Phycocyanobilin
The situation regarding phycocyanobilin and the blue pigment released from C-phycocyanin by hot methanol is analogous to that outlined above for phycoerythrobilin and its methanol-released 'purple pigment' derivative. The 'blue pigment' released from blue-green algae by methanol treatment was originally considered by Fujita & Hattori (1962 , 1963 to be a biosynthetic precursor of phycocyanobilin, but was shown by O'Carra & O'hEocha (1966) to be an artefact derived from protein-bound phycocyanobilin. As can be seen from the spectral properties recorded in Table 2 (Rudiger & O'Carra, 1969) . The two forms of phycobilin-630 may reflect spatial isomerism, which does not involve any rearrangement of the double-bond system. The other bilin components were a violinoid pigment, which may be a hydrated derivative of phycobilin-630 (Murphy, 1968) , and a bilin, which was chromatographically and spectrally identical with the methanol-released blue pigment. The proportion of the components extracted into chloroform varied with the concentration of HCl used to treat the C-phycocyanin. Time-course studies with C-phycocyanin and with chromatographically purified phycobilin-630 in HCl at various concentrations between 10M and more than 13M, however, showed that the blue-green phycobilin-630 was the bilin initially released. In 10-12M-HCI it was converted into the blue pigment together with some violin, but, as the concentration of HCl was increased to over 13M, the conversion into violin became the major transformation. These observations were confirmed with acid-released phycobilin-630 from R-phycocyanin.
Spectral comparison of denatured C-phycocyanin with the chromatographically purified phycobilin-630 shows that this pigment closely resembles the native protein-bound chromophore (Fig. 2, Table  2 ).
As for phycoerythrobilin, the structure and properties currently accepted (Brown & Troxler, 1977; Troxler et al., 1978; Frackowiak & Skowron, 1978; Gossauer & Hinze, 1978) for phycocyanobilin Crespi et al., 1968) relate to the methanol-released 'blue pigment'. This is now seen to be identical with a spectrally altered artefact derived from the native phycocyanobilin chromophore. Because of the differences between the (1) The spectral properties of phycoerythrobilin are distorted by the interaction of the chromophore with the native protein environment and thus the peak at 495-598nm might be attributable to such non-covalent modulation of the properties of phycoerythrobilin in the native protein. (2) Free phycoerythrobilin readily undergoes covalent conversion into urobilinoid artefacts both by isomerization and by oxidation reactions, and the appearance of urobilinoid material in denatured R-phycoerythrin might be attributable to such artefact material formed while the chromophore is still attached. (3) Refluxing R-phycoerythrin in methanol releases only the 'purple pigment' equated with phycoerythrobilin by Chapman et al. (1967 Chapman et al. ( , 1968 , and no urobilin is released.
In order to check the first two objections, the spectral data shown in Table 1 and Fig. 3 were obtained with fully denatured R-phycoerythrin in which the effects of the native protein environment are eliminated by unfolding of the polypeptide chains. The possibility that the procedures used for obtaining these spectra might cause covalent modification of phycoerythrobilin was investigated by subjecting purified acid-released phycoerythrobilin and denatured C-phycoerythrin to exactly the same procedures. Their spectral properties are compared in Table 1 and Fig. 1 . No significant amount of urobilinoid material was formed in either case.
As Table 1 and Fig. 3 show, a distinctive peak, characteristic of urobilins, persists in the spectrum of denatured R-phycoerythrin. Quantitative subtraction of the absorption spectrum of phycoerythrobilin, by using an adjusted spectrum of denatured C-phycoerythrin, leaves a spectrum almost identical with that of i-urobilin. Addition of Zn2+ causes the characteristic shift of the urobilinoid absorption peak ( Fraction no. Fig. 4 . Elution profiles of (@) the phycourobilin-and (0) the phycoerythrobilin-containing chromopeptides in a tryptic digest of R-phycoerythrin from a Sephadex G-50 column A sample (3 ml) of tryptic digest of R-phycoerythrin was applied to the column (67.5 cm x 2.1cm) and equilibrated with phenol/acetic acid/ water (1:1:1, by vol.) that had been flushed with nitrogen. Owing to the highly aromatic nature of the bilin chromophores, the tryptic chromopeptides were absorbed on to Sephadex when subjected to gel filtration in conventional aqueous buffers and were eluted much later than the internal volume of the column. Such adsorption of aromatic compounds had been reported previously and eliminated with the above solvent systems (Carnegie, 1965; Janson, 1967) . Gel filtration was carried out in the dark and -the flow rate was 12ml/h. Fractions (2ml) were collected and made 0.1M with respect to HCI. When the absorption spectrum was determined, the A495 was corrected by subtracting any absorbance in this region due to phycoerythrobilin, calculated as A,55 x 0.244. This factor was determined from the absorption spectrum of phycoerythrobilin in acid-denatured C-phycoerythrin. Since phycourobilin does not absorb at 555 nm, no reciprocal correction was necessary.
control experiments in which R-phycoerythrin was replaced with C-phycoerythrin, and negligible conversion of phycoerythrobilin, the only chromophore of C-phycoerythrin, into a urobilin was observed. The tryptic digests of R-phycoerythrin retained the same spectral properties as the denatured biliprotein, and when the peptide mixture was fractionated on the basis of a number of independent properties (e.g. size or charge characteristics), a clear-cut separation of the phycoerythrobilin-containing and phycourobilin-containing peptides was observed (Figs. 4 and 5) . The results show that the two chromophores reside in quite distinct sections of the polypeptide sequence, ) the phycourobilin-and (0) the phycoerythrobilin-containing chromopeptides in tryptic digests of Rphycoerythrin Tryptic digests of R-phycoerythrin were subjected to starch-gel electrophoresis at several pH values as described in the Experimental section.
further eliminating the possibility that the urobilin might be an artefact form of phycoerythrobilin.
Refluxing the phycourobilin-containing peptide fraction, isolated by gel-filtration, with methanolic KOH for 5 min released the chromophore and coverted it rapidly into a green product that was identified as the bilin mesobiliverdin. This result confirms that phycourobilin is an open-chain linear tetrapyrrole.
Treatment of the phycourobilin-containing peptide with hot methanol did not release the pigment. Structural studies show that the attachment of phycourobilin to the apoprotein is much stronger than that of phycoerythrobilin (P. O'Carra & S. D. Killilea, unpublished work) . Thus the failure of Chapman et al. (1968) to release urobilinoid material by hot methanol is readily explained.
Although the experiments described here provide strong evidence that phycourobilin is a discrete and natural chromophore of R-phycoerythrin, this concept now also receives acceptance by some other groups (Frackowiak & Skowron, 1978; Glazer & Hixson, 1977) . Cryptoviolin
All the cryptomonad phycocyanins in the native state exhibited an absorption peak at about 588nm in addition to varied spectral characteristics at longer wavelengths, usually manifested by a peak at either 615, 630 or 645nm (O'hEocha et al., ). 1980 When these phycocyanins are unfolded by denaturation, the longer-wavelength absorption in all cases collapses to a spectral peak characteristic of phycocyanobilin. The shorter-wavelength peak also shifts, but remains clearly distinct from the phycocyanobilin spectrum. Fig. 2 shows the spectrum of a typical denatured cryptomonad phycocyanin in dilute acid; all cryptomonad phycocyanins give almost identical spectra under such denaturing conditions. The short-wavelength absorption peak is at 6 lOnm under these conditions, but if the spectrum is analysed by subtracting out the phycocyanobilin absorption spectrum with an adjusted spectrum of acid-denatured C-phycocyanin, the true absorption maximum of the peak is found to be about 590nm. This maximum and the shape of the analysed peak coincides exactly with the absorption characteristics of the class of bilins known as violins; the absorption maximum of mesobiliviolin in dilute acid is at 590-600nm.
The bilin nature of the extra chromophore in cryptomonad phycocyanin was indicated by the observation that both it and the phycocyanobilin chromophore were converted into mesobiliverdin when samples of the phycocyanin were refluxed in methanolic 1 M-KOH for 30min.
The extra chromophore seems clearly to have a violinoid conjugated system and it is tempting to suggest the term phycoviolin, which would be in line with the terminology of the other phycobilins. A similar term, phycobiliviolin, has been used by Riudiger (1971) for the 'purple pigment' derivative of phycoerythrobilin, so, to avoid confusion, it is suggested that the violinoid chromophore of cryptomonad phycocyanin be termed cryptoviolin.
